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Abstract
Recent heavy ion experiments indicate modifications of the ρ−meson
mass in medium. In the CERES experiments ρ−mesons are produced
at ∼ normal nuclear matter density, where hadrons are more appropri-
ate constituents than quarks. A collective ”nuclear ρ”, in which every
nucleon is excited to the N(1520) state, with equal amplitude, enters
in this description. At the higher densities reached by future experi-
ments constituent quarks become the appropriate variables. Here the
ρ and ω transition couplings to the nucleon resonances up to 1700
MeV, including the N(1520), are derived by means of the chiral quark
model. The relevant coupling constants are expressed in terms of the
corresponding vector coupling constants to nucleons. The quality of
the model relations is tested by a calculation of the corresponding
pion-resonance coupling constants, which are known from the empiri-
cal pion decay widths.
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1 Introduction
The observed enhancement [1, 2, 3, 4] of low mass dilepton production in
relativistic nucleon-nucleon collisions has stimulated considerable theoretical
activity. The concensus in the theoretical treatment is that the dileptons
seen in the CERES experiments [1] to date originate with densities close
to the density ρ0 of normal nuclear matter. At these densities hadronic
variables are more suitable than quarks in the theoretical treatment. A rather
convincing description is that based on the coupling of nucleon isobar-hole
excitations was initiated by Peters et al. [5] and later systematized by Rapp
and Wambach [6]. A relation between this approach and the overall scaling
relations proposed by Brown and Rho [7], formulated in quark language and
possibly applicable at higher densities has been given in ref.[8]. More recently
the empirical data have been used to fix the parameters in an effective field
theory approach [9, 10]. In this relatively model independent treatment a
good description of the dilepton excess seen by in the CERES experiments
is given.
It has been argued that at higher densities, in the region between nu-
clear matter density, and the critical density of chiral symmetry restoration,
hadronic variables should be replaced by quark variables [11]. The example
of the Nambu-Jona-Lasinio model, in which the constituent quark mass is
the order parameter, suggests that hadron masses go to zero in the limit
of bare current quark masses. In ref.[8] this is brought about by replac-
ing the ρ−meson mass mρ, which sets the scales of the denominator by the
Rapp-Wambach Lagrangian [6], by the effective ρ−meson mass m∗ρ. While
this result may be obtained on the basis of self-consistency, the issue of the
most appropriate treatment at densities above that of normal nuclear matter
remains largely open. The chiral quark model, which implies relations be-
tween the vector meson transition couplings to the nucleon resonances and
the vector meson couplings to nucleons, may impose useful constraints on
the theoretical treatment.
The chiral quark model, in which constituent quarks couple directly to
mesons, is known to describe the properties of the ground state octet and
decuplet baryons fairly well [12]. In particular it gives expressions for the N−
∆(1232) transition couplings, which are good at the level of ∼ 25% accuracy,
or better. Moreover, when augmented with a linear confining interaction,
and two-pion and vector meson interactions between the quarks, it describes
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the whole empirical baryon spectrum satisfactorily [13, 14].
We here use this model to calculate the ρ- and ω-meson transition cou-
plings to the nucleon resonances up to 1700 MeV. These coupling constants
cannot be determined directly from empirical decay widths, as they lie below
the thresholds for vector meson decay. The quality of the model is tested
by a calculation of the corresponding pion-resonance transition coupling con-
stants in the impulse approximation, which are then compared to the values
that are determined from the pionic decay widths. That the single quark
coupling model for pion decays should provide a fair overall description is
indicated by the fact that it implies that the ratios of the decay widths for
Ξ∗ → Ξπ, Σ∗ → Σπ and ∆ → Nπ should be 1:4:9, which compares well
to the empirical ratio 1:3.9:12.6 (that the number for the ∆ exceeds 9 is
due to the larger phase space volume available). For the excited S− and
the P−shell resonances the quark model values, which are calculated here
in the impulse approximation, fall within factors 1.5 – 2 of the empirically
extracted transition couplings. The situation for the D−shell resonances is
less satisfactory. Improved agreement requires taking into account higher
order contributions from two-quark operators.
The vector meson transition coupling constants to nucleon resonances are
defined in terms of Lagrangian densities for the transition couplings, which in-
volve generalized Rarita-Schwinger vector spinors. Comparison of the matrix
elements of these Lagrangians to the corresponding matrix elements in the
quark model makes it possible to express the transition coupling constants in
terms of the corresponding vector meson coupling constants to the nucleons.
The latter are determined - albeit within a liberal uncertainty range - by fits
to nucleon-nucleon scattering data with phenomenological boson exchange
interaction models. These expressions involve SU(2) Clebsch-Gordan coef-
ficients as well as orbital matrix elements of quark wave functions, which
connect the P− and D−shell and the excited S−shell states to the ground
states. The latter depend on the Hamiltonian model for the 3-quark system.
We here employ a simple covariant harmonic oscillator model based on lin-
ear confining interaction with a flavor-spin dependent hyperfine interaction,
which describes the empirical spectrum very well [15].
There is some freedom in the choice of the resonance transition coupling
Lagrangians. This freedom is constrained by comparison with the corre-
sponding quark model expressions, especially because of the orthogonality of
the resonance and nucleon wave functions in the quark model. The match-
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ing of matrix elements of covariant Rarita-Schwinger type Lagrangians [16]
and quark model matrix elements will here be made for off-mass shell vector
mesons with zero energy. This choice of kinematics is made with applica-
tion of resonance propagation in nuclear matter in mind. The coupling of
spin-isospin modes that propagate in matter to the P−shell resonances has
recently been shown to be both significant and intricate [5, 9, 10]. A key aim
of the present study is to determine the strength of this coupling.
Only rough correspondences can be made between the couplings in the the
chiral quark model and in the hadronic model. Nevertheless, the coherence
in the ω−meson coupling to the nucleon, where the factor 3 in the SU(3)
relation gωNN ≃ 3gρNN arises in the sum over the three quarks in the nucleon,
seems to disappear as the coupling g
(1520)
ωNN∗ in the quark model is roughly equal
to gρNN in the hadronic model, which lacks coherence in the quark sum. In
the quark model we find that g
(1520)
ωNN∗ ∼ 1/2g(1520)ρNN∗ . The same ratio of ω to
ρ transition couplings is found in hadronic resonance models as discussed
below. A simple explanation for this is still wanting.
This paper is divided into 4 sections. In section 2 we derive the pion-
resonance couplings and compare them to empirical data. The ρ-meson and
ω-meson resonance transition couplings are derived in section 3. A summa-
rizing discussion is given in section 4.
2 Pion coupling constants
Before deriving the expressions for the vector meson transition couplings to
nucleon resonances it is instructive to derive the corresponding pion transi-
tion coupling constants within the quark model. Under the assumption that
the pion transitions are described by single quark operators one may also
derive these coupling strengths directly from experiment. Overall the single
quark operator approximation for the pion coupling to nucleon resonances
underestimates the pion decay widths of the resonances, and therefore mainly
has qualitative value [17, 18]. It does however determine the phases of the
coupling constants, and, as shown below, if these are multiplied by about
a factor 2, the decay widths are within a few ten percent of the empirical
values.
The coupling of pions to constituent u and d quarks may be described by
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the pseudovector coupling
Lπqq = ifπqq
mπ
ψ¯qγ5γµ∂µ~φπ · ~τψq. (2.1)
Here ~φπ is the isovector pion field operator, ψq is the constituent quark field
and mπ is the pion mass. The pseudovector pion-quark coupling constant
may be determined from the corresponding pion-nucleon coupling constant
by comparison to the πNN coupling:
LπNN = ifπNN
mπ
ψ¯Nγ5γµ∂µ~φπ · ~τψN . (2.2)
Comparison of the matrix elements of the Lagrangian (2.1) and (2.2) for the
case of a proton with spin up, using the SU(6) quark model wave functions
in the case of the former, yields
< p,
1
2
|LπNN |p, 1
2
>= −ifπNN k3
mπ
< p,
1
2
|
3∑
q=1
Lπqq|p, 1
2
>= −i5
3
fπqq
k3
mπ
, (2.3)
where k3 is the third component of the pion momentum. This gives the
relation
fπqq =
3
5
fπNN . (2.4)
As fπNN ≃ 1 it follows that fπqq ≃ 0.6. This result for the pion-quark
coupling constant is close to that, which is obtained from the Goldberger-
Treiman relation for quarks:
fπqq =
gqA
2
mπ
fπ
. (2.5)
With gqA ≃ 0.88 and the value fπ = 93 MeV for the pion decay constant
this relation gives fπqq ≃ 0.66. This coupling model does give a reasonably
satisfactory account of the pion decay widths of the D−meson resonances,
for which the single quark current model should be adequate [21].
The chiral quark model may be employed to express the transition cou-
pling constant of pions to nucleon resonance in terms of the pion quark cou-
pling constant fπqq. Since this is given in terms of the pion-nucleon coupling
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constant fπNN by (2.3), it thus becomes possible to express all pion-resonance
transition coupling constants in terms of the pion-nucleon coupling constant.
These relations will depend on the orbital wave functions of the 3 con-
stituent quarks that form the baryons. We shall here use the covariant har-
monic oscillator model for the mass operator of the 3 quarks constructed
in ref. [15] to generate the 3 quark wave functions. That model is formed
by an, in effect, linear confining interaction with a spin, flavor and orbital
angular momentum dependent hyperfine interaction. It describes the baryon
spectrum up to ≃ 1700 MeV to an accuracy of a few percent, which is quite
adequate for the present application.
The 3-quark wave functions will be bilinear combinations of spin-flavor
and orbital wave functions. The latter are products of harmonic oscillator
functions of the two Jacobi coordinates of the 3-quark system:
~r =
1√
2
(~r1 − ~r2), (2.6a)
~ρ =
√
2
3
(~r3 − ~r1 + ~r2
2
). (2.6b)
The 3-quark wave functions in the model of ref. [15] are eigenfunctions of
the mass operator
M0 =
√
3(~κ2 + ~k2 + ω4(~ρ2 + ~r2)), (2.7)
where ω is a parameter that determines the strength of the confining interac-
tion. Jacobi momenta ~κ and ~k are the canonical momentum operators that
are conjugate to the Jacobi coordinates (2.5). The numerical value for the
oscillator parameter ω is 311 MeV, as determined from the baryon spectrum.
This value will be used here. In the impulse approximation the empirical
value of the rms radius of the proton (0.8 fm) obtains with ω = 245 MeV .
The eigenfunctions of the mass operator (2.6) are products of harmonic
oscillator functions of ~ρ and ~r: ϕn1l1m1(~ρ )ϕn2l2m2(~r ). The appropriate sym-
metrized combinations of these with spin and isospin wave functions for the
S−, P−, D− and lowest excited S−state resonances are listed in Table
1. In the table |1
2
, s >± and |12 , t >± denote spin and isospin wave func-
tions of mixed symmetry, which are symmetric (+)(”(112)”) or antisym-
metric (−)(”(121)”) under exchange of the spins or isospins of the first two
6
quarks. The states |3
2
, s > and |3
2
, t > denote spin and isospin states with
total spin and isospin 3
2
, which are symmetric under exchange of any set of
two coordinates.
The explicit expressions for the states of mixed symmetry with spin-z
projection sz are
|1
2
, sz >+=
∑
abcm
(
1
2
,
1
2
, a, b|1, m)(1
2
, 1, c,m|1
2
, sz)|a, b, c >, (2.8a)
|1
2
, sz >−=
∑
ab
(
1
2
,
1
2
, a, b|0, 0)|a, b, sz > . (2.8b)
Here |a, b, c > represent product states of three spins with z−projections a,b
and c respectively. The corresponding isospin states with isospin-z projec-
tion tz are readily constructed by analogy [19]. The rule for construction of
symmetric combinations of product states of spin, isospin and spatial wave
functions is based on the outer products of S3.
Given the 3 quark wave functions for the nucleon resonances in Table 1,
it becomes possible to calculate the matrix elements,
< p,
1
2
|
3∑
q=1
Lπqq|N∗+, 1
2
>= −ifπqq
mπ
< p,
1
2
|
3∑
q=1
~σq·(~k−ωπ~vq)τ q3 e−i~k·~rq |N∗+,
1
2
>,
(2.9)
of the pion-quark Lagrangian (2.1). Here N∗ represents a nucleon or a ∆
resonance, and ~k is the momentum and ωπ the energy of the pion. The
velocity operator for quark q is denoted ~vq. These matrix elements, with the
overall factor −ifπqq/mπ divided out, are listed in Table 2 for the resonances
in Table 1.
In Table 2 the orbital matrix elements have been calculated with the
eigenfunctions of the mass operator (2.7). These are harmonic oscillator
functions, with the explicit forms
ϕ000(~ρ ) = (
ω2
π
)3/4e−ρ
2ω2/2,
ϕ01m(~ρ ) =
√
2ω~ρmϕ000(~ρ ),
ϕ200(~ρ ) =
√
2
3
ω2(ρ2 − 3
2ω2
)ϕ000(~ρ ),
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ϕ02m(~ρ ) =
√
4
15
ω2ρ2ϕ000(~ρ )
√
4πY2m(ρˆ). (2.10)
In the Table 2 values of the following overlap integrals have been used:
(ϕ000(~ρ ), e
−i
√
2
3
~ρ·~kϕ000(~ρ )) = e
−k2/6ω2 , (2.11a)
(ϕ000(~ρ ), e
−i
√
2
3
~ρ·~kϕ200(~ρ )) = −
√
6
18
k2
ω2
e−k
2/6ω2 , (2.11b)
(ϕ000(~ρ ), e
−i
√
2
3
~ρ·~kϕ01m(~ρ )) = −i
√
3
3
km
ω
e−k
2/6ω2 , (2.11c)
(ϕ000(~ρ ), e
−i
√
2
3
~ρ·~kϕ02m(~ρ )) = −
√
3
9
k2
ω2
e−k
2/6ω2
√
4π
5
Y2m(kˆ). (2.11d)
The goal here is not, however, these quark model relations per se, but
expressions for the pion transitions couplings to the resonances, when these
are described as (generalized) Rarita-Schwinger field operators [16]. These
couplings may be described by the following Lagrangians:
L(1232)πN∆ =
f
(1232)
πN∆
mπ
ψ¯χ†∂µ~φ · ~χψµ + h.c., (2.12a)
L(1440)πNN∗ = i
f
(1440)
πNN∗
mπ
ψ¯χ†γ5γµ∂µ~φ · ~τχψN∗ + h.c., (2.12b)
L(1600)πN∆∗ =
f
(1600)
πN∆∗
mπ
ψ¯χ†∂µ~φ · ~χψµ + h.c., (2.12c)
L(1535)πNN∗ = i
f
(1535)
πNN∗
mπ
ψ¯χ†γµ∂µ~φ · ~τχψN∗ + h.c., (2.12d)
L(1520)πNN∗ =
f
(1520)
πNN∗
mπ
ψ¯χ†γ5∂µ~φ · ~τχψµ + h.c., (2.12e)
L(1620)πN∆∗ = i
f
(1620)
πN∆∗
mπ
ψ¯χ†γµ∂µ~φ · ~χψ∆∗ , (2.12f)
L(1700)πN∆∗ =
f
(1700)
πNN∗
mπ
ψ¯χ†γ5∂µ~φ · ~χψµ + h.c., (2.12g)
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L(1650)πNN∗ = i
f
(1650)
πNN∗
mπ
ψ¯χ†γµ∂µ~φ · ~τχψN∗ + h.c., (2.12h)
L(1700)πNN∗ =
f
(1700)
πNN∗
mπ
ψ¯χ†γ5∂µ~φ · ~τχψµ + h.c., (2.12i)
L(1675)πNN∗ =
f
(1675)
πNN∗
m2π
ψ¯χ†∂µ∂ν~φ · ~τχψµν + h.c, (2.12j)
L(1720)πNN∗ =
f
(1720)
πNN∗
mπ
ψ¯χ†∂µ~φ · ~τχψµ + h.c., (2.12k)
L(1680)πNN∗ = i
f
(1680)
πNN∗
m2π
ψ¯χ†γ5∂µ∂ν~φ · ~τχψµν + h.c. (2.12l)
Here ψ, ψµ and ψµν represent spin 1/2, 3/2 and spin 5/2 Rarita-Schwinger
spinor fields respectively, and χ and ~χ represents isospin 1/2 spinor and 3/2
vector-spinors respectively.
The Rarita-Schwinger spinor field operators are defined as
ψMµ = Σ(1,
1
2
, m, s|3
2
,M)ǫµ(m)us, (2.13a)
ψMµν = Σ(
3
2
, 1, r, n|5
2
M)(1,
1
2
, m, s|3
2
, r)ǫµ(m)ǫν(n)us. (2.13b)
The spin 5/2 spinor ψµν is symmetric in the two 4-vector indices. Above us
represents a Dirac spinor with sz = s.
The resonance couplings (2.12) have been written in the chiral symme-
try mandated form, which requires that the couplings vanish with pion 4-
momentum. For baryons on their mass shell the couplings to the negative
parity resonances may be simplified by use of the Dirac and corresponding
Rarita-Schwinger equations.
The matrix elements of the transition couplings (2.12) between resonance
states with charge +e and spin-z projection +1
2
and the proton with spin up
are listed in Table 3. Direct comparison with the quark model couplings is
possible only for those terms in (2.12) that have the corresponding depen-
dence on pion momentum. Comparison of the terms, which depend on pion
energy, would require the corresponding quark model couplings to be spelled
out explicitly.
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With this qualification comparison of the matrix elements in Tables 2 and
3 yield the sought for expressions for the resonance transition couplings to
pions, fπNN∗ , in terms of the pion-quark coupling constant, fπqq, and then by
(2.4) in terms of the πN pseudovector coupling constant fπNN . The resulting
expressions are listed in Table 4. In order to have real coupling constants in
the Rarita-Schwinger formalism the phase factors (−i)l that appear in the
quark model matrix elements have been dropped. These calculated values
for the πNN∗ coupling constants may be compared to the corresponding
values determined from the empirically known widths for Nπ decay of these
resonances.
The empirical decay widths for Nπ decay of the positive parity ∆ reso-
nances ∆(1232) and ∆(1600) are obtained as
Γ =
1
3
f 2πN∆
4π
E ′ +mN
m∆
k3
m2π
(2.14)
Here E ′ is the energy of the final nucleon. Insertion of the empirical de-
cay widths and the corresponding kinematical factors then yields the value
f
(1232)
πN∆ = 2.2± 0.04 and f (1600)πN∆ = 0.51± 0.07. These values exceed the quark
model values (1.55 and 0.47) in Table 4 by factors 1.5 and 1.1 respectively.
These underestimates are typical of the quark model for the pion decays in
the single quark approximation.
For the N(1440) the decay width for N(1440)→ Nπ is obtained as
Γ = 3
(f
(1440)
πNN∗)
2
4π
E ′ −mN
m∗
k
m2π
(m∗ +mN)
2 (2.15)
Here m∗ is the resonance mass. From the empirical decay width for Nπ
decay 227 ± 0.65 MeV of the N(1440) one obtains f (1440)πNN∗ = 0.39 ± 0.06. In
this case the quark model value 0.26 again represent an underestimate of
about a factor 1.5. This underestimate is a consequence of the fact that the
πNN(1440) coupling vanishes at k = 0 in the quark model.
The Nπ decay width for the spin 1
2
−
resonances are obtained as
Γ =
f 2πNN∗
4π
E ′ +mN
m∗
k
m2π
(m∗ −mN )2. (2.16)
Here the factor α is 3 for isospin 1/2 resonances and 1 for isospin 3/2 res-
onances with spin 1
2
−
. For the N(1535), N(1650) and the ∆(1620) this
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expression yields the values f
(1535)
πNN∗ = 0.36 ± 0.05, f (1650)πNN∗ = 0.31 ± 0.03 and
f
(1620)
πN∆ = 0.34 ± 0.06. The quark model results for these coupling constants
in Table 4 are within 30% of these values.
The Nπ decay widths for the spin 3
2
−
resonances are obtained as
Γ =
1
3
f 2πNN∗
4π
E ′ −mN
m∗
k3
m2π
. (2.17)
From this expressions and the empirical Nπ decay widths we obtain the
values f
(1520)
πNN∗ = 1.56 ± 0.06, f (1700)πNN∗ = 0.36 and f (1700)πN∆ = 1.31. The quark
model values in Table 4 are fairly close to the first and the last of these
values, but falls below that for the N(1700).
Finally the width for the decay N(1675)→ Nπ is obtained as
Γ =
2
5
(f
(1675)
πNN∗)
2
4π
E ′ +mN
m∗
k5
m4π
. (2.18)
The empirical decay width fraction ∼ 67 MeV yields the value f (1675)πNN∗ = 0.10.
This is close to the corresponding quark model value (0.09) in Table 4. Note
that the empirical decay width does not determine the phase of the pion
resonance transition coupling constants.
The expressions for the pionic decay widths of the D−shell resonances
N(1720) and N(1680) are [16]
Γ(N(1720)→ Nπ) = 1
3
(f
(1720)
πNN∗)
2
4π
E ′ +mN
m∗
k3
m2π
, (2.19)
Γ(N(1680)→ Nπ) = 2
5
(f
(1680)
πNN∗)
2
4π
E ′ −mN
m∗
k5
m4π
, (2.20)
respectively. The fractional widths for Nπ decay of these two resonances
are 22± 10 MeV and 84± 10 MeV respectively [20]. Given these widths we
obtain the following coupling constant magnitudes: |(f (1720)πNN∗ | ∼ 0.25 ± 0.06
and |(f (1680)πNN∗ | ∼ 0.42±0.04. Comparison of the calculated coupling constants
in Table 4 shows that the quark model, in the present approximation, over-
estimates the former one of these coupling constants by about a factor 5 and
underestimates the latter one by almost a factor 4. This problem with the
pion decays of the D−shell resonances has been noted before [22].
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The overall situation that emerges is that with the one-quark transition
operators, the quark model mostly underpredicts the resonance transition
couplings by factors 1 - 1.5 with the present wave function model. The con-
clusion is that two-quark operators have to be significant for the description
of pionic transitions of the baryon resonances [23]. If neglected these have
to be compensated for by multiplication of the πNN∗ couplings by factors
of the order 2-3.
3 Vector meson coupling constants
A universal SU(2) symmetric model for the vector meson couplings to con-
stituent quarks would be the following:
LV qq = igρqqψ¯γµ~τ · ~ρµψ + igωqqψ¯γµωµψ. (3.1)
Here ~ρµ and ωµ are the ρ-meson and ω-meson field operators respectively.
The vector meson coupling constant gV qq may be determined from either
the ω- or ρ-nucleon coupling constants by writing the vector meson-nucleon
coupling in the conventional form
LV NN = igωNN ψ¯N [γµ + i κω
2m
σµν∂ν ]ωµψN
+igρNN ψ¯N [γµ + i
κρ
2m
σµν∂ν ]~ρµ · ~τψN . (3.2)
Comparison of the matrix elements of the charge components of these La-
grangians for e.g. protons with spin up to the same matrix elements of the
quark coupling operator (3.2) yields the relations
gωNN = 3gV qq, (3.3a)
gρNN = gV qq. (3.3b)
The tensor couplings κω and κρ in (3.3) may be determined by comparing
the matrix elements of the transverse part of the current couplings in (3.1)
and (3.3). This yields the relations
gωqq
mq
=
1
mN
gωNN (1 + κω), (3.4a)
12
53
gρqq
mq
=
1
mN
gρNN(1 + κρ). (3.4b)
Boson exchange models for the nucleon-nucleon interaction indicate that κω is
small. From (3.4a) it then follows thatmq = mN/3 = 313 MeV, in agreement
with conventional quark model phenomenology. Equations (3.3b) and (3.3b)
then imply that κρ = 4. This is close to the value κρ = 4.22 in a recent
realistic boson exchange model for the nucleon-nucleon interaction [24], but
somewhat smaller than the value 6.6 indicated in earlier interaction models
[25]. The values for the ωNN coupling constants differ between different
potential models. In the recent Nijmegen model [24] it is gωNN = 10.35,
while in the Bonn model it is as big as gωNN = 15.85. The values for the
ρNN vector coupling constant are more stable, ranging from gρNN = 2.97
[24] to 3.19 [25]. These uncertainties are commensurate with the expected
uncertainties in the quark model.
These numbers are consistent with assuming equality between the ρ and
ω couplings to constituent quarks, and with taking
gρqq = gωqq ≃ 3. (3.5)
The anomalous tensor couplings of the constituent quarks are so small that
they may be taken to be 0. We shall use these values here.
In Table 5 the explicit matrix elements of the charge and transverse cur-
rent components of the ω−quark coupling (3.1) are given for all the nucleon
and ∆ resonances in Table 1 are listed. Here only the non-vanishing terms
of lowest order in the v/c expansion have been included. The corresponding
matrix elements of the ρ−quark coupling are listed in Table 6.
As the aim here is to calculate the vector meson transition couplings
to nucleon resonances by means of the quark model, the effective coupling
Lagrangians will have to be expressed in a form, which has the same mo-
mentum dependence as the corresponding transition matrix elements in the
quark model. The standard form of the generalized Rarita-Schwinger vec-
tor current couplings in ref. [16] does not meet this criterion. The form
of the transition couplings below have been chosen to have have the same
momentum dependence as the quark model couplings. As a consequence the
overall meson momentum factors drop out in the expressions for the transi-
tion couplings in terms of the corresponding vector meson coupling constants
to nucleons.
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The ω-meson transition couplings to the nucleon resonances may be de-
scribed by the following effective Lagrangians:
L(1440)ωNN∗ = −i
g
(1440)
ωNN∗
m2ω
ψ¯N [γµ − m
∗ −mN
m2ω
∂µ]∂
2ωµψN∗ + h.c., (3.6a)
L(1535)ωNN∗ = −i
g
(1535)
ωNN∗
m2ω
ψ¯Nγ5[γµ∂
2 − (m∗ +mN )∂µ]ωµψN∗ + h.c., (3.6b)
L(1520)ωNN∗ = i
g
(1520)
ωNN∗
m2ω
ψ¯Nσµν∂ν∂κωµψκ + h.c., (3.6c)
L(1650)ωNN∗ = −i
g
(1650)
ωNN∗
m2ω
ψ¯Nγ5[γµ∂
2 − (m∗ +mN)∂µ]ωµψN∗ + h.c., (3.6d)
L(1700)ωNN∗ = i
g
(1700)
ωNN∗
m2ω
ψ¯Nσµν∂ν∂κωµψκ + h.c., (3.6e)
L(1675)ωNN∗ = i
g
(1675)
ωNN∗
m2ω
ǫµαβδψ¯N∂α∂νωβγδψµν + h.c., (3.6f)
L(1720)ωNN∗ =
g
(1720)
ωNN∗
m2ω
ψ¯Nγ5[δµν − 1
m∗ +mN
γµ∂ν ]∂
2ωµψν + h.c., (3.6g)
L(1680)ωNN∗ = i
g
(1680)
ωNN∗
m2ω
ψ¯N [γµ − m
∗ −mN
m2ω
∂µ]∂α∂βωµψαβ + h.c.. (3.6h)
The matrix element of the charge and transverse current coupling terms
of these Lagrangians between resonances with charge state +e and the proton
with spin up are listed in Table 7. As these matrix elements relate to virtual
vector meson production, we have here considered the vector mesons as hav-
ing zero energy. For the comparison with the quark model operators, we have
in addition dropped terms of order (m∗ − mN )/(m∗ + mN). For the heav-
ier resonances this introduces a theoretical uncertainty range of almost 30%,
which however is inherent in the mismatch between the non-relativistic quark
model expressions and the covariant Rarita-Schwinger formalism. Numerical
estimates for the ω meson transition couplings to the nucleon resonances are
given in Table 8. In the calculation of the numerical values, the quark wave
function factors exp{−~k2/6ω2} were set to unity.
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The ρ-meson transition coupling to the nucleon and ∆-resonances are
described by the following coupling Lagrangians in the generalized Rarita-
Schwinger formalism:
L(1232)ρN∆ = g(1232)ρN∆ ψ¯χ†γ5[δµν −
1
m∆ +mN
γµ∂ν ]~ρµ · ~χψν + h.c., (3.7a)
L(1440)ρNN∗ = −i
g
(1440)
ρNN∗
m2ρ
ψ¯χ†[γµ − m
∗ −mN
m2ρ
∂µ + i
κ
(1440)
ρNN
m∗ −mN σµν∂ν ]∂
2~τ · ~ρµχψN∗
+h.c., (3.7b)
L(1600)ρN∆∗ = −g(1600)ρN∆∗ ψ¯χ†γ5[δµν −
1
m∆∗ +m
γµ∂ν ]∂
2~ρµ · ~χψν + h.c., (3.7c)
L(1535)ρNN∗ = −i
g
(1535)
ρNN∗
m2ρ
ψ¯χ†γ5[γµ∂
2 − (m∗ +mN)∂µ]~τ · ~ρµχψN∗ + h.c., (3.7d)
L(1520)ρNN∗ = i
g
(1520)
ρNN∗
m2ρ
ψ¯χ†σµν∂ν∂κ~τ · ~ρµχψκ + h.c., (3.7e)
L(1620)ρN∆∗ = −i
g
(1620)
ρN∆∗
m2ρ
ψ¯χ†γ5[γµ∂
2 − (m∆∗ +mN )∂µ]~ρµ · ~χψ∆∗ + h.c., (3.7f)
L(1700)ρN∆∗ = i
g
(1700)
ρN∆∗
m2ρ
ψ¯χ†σµν∂ν∂κ~ρµ · ~χψκ + h.c., (3.7g)
L(1650)ρNN∗ = −i
g
(1650)
ρNN∗
m2ρ
ψ¯χ†γ5[γµ∂
2 − (m∗ +mN )∂µ]~τ · ~ρµχψN + h.c., (3.7h)
L(1700)ρNN∗ = i
g
(1700)
ρNN∗
m2ρ
ψ¯χ†σµν∂ν∂κ~τ · ~ρµχψκ + h.c., (3.7i)
L(1675)ρNN∗ = i
g
(1675)
ρNN∗
m2ρ
ǫµαβδψ¯Nχ
†∂α∂ν~τ · ~ρβγδχψµν + h.c., (3.7j)
L(1720)ρNN∗ =
g
(1720)
ρNN∗
m2ρ
ψ¯Nχ
†γ5[δµν − 1
m∗ +mN
γµ∂ν ]∂
2~τ · ~ρµχψν + h.c., (3.7k)
L(1680)ρNN∗ = i
g
(1680)
ρNN∗
m2ρ
ψ¯Nχ
†[γµ − m
∗ −mN
m2ρ
∂µ]∂α∂β~τ · ~ρµχψαβ + h.c.. (3.7l)
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The matrix elements of these transition couplings are listed in Table 9
for resonances with charge state e and protons with spin 1/2. The explicit
expressions for the ρ−meson transition couplings in terms of the correspond-
ing ρNN coupling constant are listed in Table 10, along with numerical
estimates. These expressions are obtained by comparison of the quark model
transition matrix elements in Table 6 with the corresponding matrix elements
of the transition couplings in Table 9.
Of the resonances considered only the N(1720) lies above threshold for
Nρ decay, for which the decay branch is in fact large (∼ 80%). This makes
it possible to determine magnitude of the transition coupling constant g
(1720)
ρNN∗
directly from its decay width. For a real ρ meson the coupling Lagrangian
(3.7k) simplifies as the differential operator ∂2 may be replaced by m2ρ. To
lowest order in v/c the Lagrangian (3.7c) then reduces to that of ref. [26],
with the identification
fN∗Nρ = −2 µ
mρ
g
(1720)
ρNN∗ , (3.8)
where fN∗Nρ is the transition coupling constant defined in ref. [26]. This
was determined from the partial decay width for N(1720) → Nρ to be
fN∗Nρ ≃ 7.2 in ref.[26]. This is somewhat smaller than the value 13.8 that
is obtained from eqn.(3.8) with the value for g
(1720)
ρNN∗ obtained with the quark
model in Table 9. The fact that the quark model leads to an overprediction
for the ρNN(1720) transition strength in clearly related to the corresponding
overprediction of the πNN(1720) coupling constant noted above.
4 Discussion
The fact that the pion resonance transition couplings are underestimated by
factors 1.5–2 by the single quark operator approximation suggests that the
quark model, in the same approximation, may also lead to similar underes-
timates for the vector meson transition couplings to nucleon resonances. For
the subthreshold resonance transition couplings considered here, and which
are required in a dynamical treatment of nuclear matter, there is however no
alternative to calculation based on a dynamical model.
The expressions for the vector meson transition coupling constants were
derived here by comparing the matrix elements of the transverse components
of the vector meson transition currents to the corresponding quark model
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matrix elements. The generalized Rarita-Schwinger coupling Lagrangians in
eqs. (3.6) and (3.7) are, however, invariant and may be applied for virtual
vector mesons of arbitrary momentum and energy in nuclear matter. As
an example, consider the coupling (3.7e) of the ρ−meson to the N(1520)
3/2− resonance, which admits an interpretation as a ρ−nucleon resonance.
For non-zero ρ−meson energy this coupling, to lowest order in the inverse
baryon masses takes the form
LρNN∗ ≃
g
(1520)
ρNN∗
m2ρ
ψ†χ†{
~k2
2µ
ρa0 + i(1−
ωρ
2µ
)~σ · ~k × ~ρa}~τa~k · ~ψχ+ h.c. (4.1)
Here µ is defined as the baryon mass combination µ = 2m∗mN/(m∗ +mN ).
This form of the ρNN(1520) coupling, which takes into account the L = 1
aspect of the 3 quark description of the N(1520) resonance differs from the
form commonly employed for the same coupling [5, 9]:
L(1520)ρNN∗ =
f
(1520)
ρNN∗
mρ
ψ†χ†(ω~ρa − ρa0~k)τa · ~ψχ+ h.c. (4.2)
If in (4.1) one sets ~k2 = k2, as appropriate for zero energy vector mesons,
and then imposes the on-shell condition k2 = −m2ρ, along with the relation
~ψ = i~σ × ~ψ, a formal equivalence between the expressions (4.1) and (4.2)
obtains, provided that
f
(1520)
ρNN∗ =
mρ
2µ
g
(1520)
ρNN∗ . (4.3)
Comparing numbers, with the value 4.5 for g
(1520)
ρNN∗ given in Table 10, we
obtain fρNN∗(1520) = 1.5, which is about half of the value 3.2 obtained
in ref.[9]. Given the fact that the quark model underestimates the pion
resonance transition couplings by factors 1.5–2 in the single quark operator
approximation, this small quark model value is not unexpected.
This comparison may also be extended to the case of the ωNN(1520)
transition coupling. By comparing the isospin independent versions of the
transition Lagrangians (4.1) and (4.2), we obtain
f
(1520)
ωNN∗ =
mω
2µ
g
(1520)
ωNN∗ . (4.4)
With the value g
(1520)
ωNN∗ = 7.7 obtained by means of the quark model in Table
7, one obtains f
(1520)
ωNN∗ = 2.6. This value is somewhat less than one half of that
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obtained in ref.[9]. The smaller value may be a consequence of the fact that
the chiral quark model result should apply to higher densities as discussed
above. It roughly corresponds to about 1/3 of gωNN , which is the ω−nucleon
coupling at zero density. The factor 1/3 in the SU(3) relation
gωNN = 3gρNN , (4.5)
arises from coherence in the sum of the couplings of the three nonstrange
quarks in the ω. We would expect this coherence to disappear at higher
density or temperature scales. We see no obvious simple reason for why for
this resonance gρNN∗ is only about 1/2 of gωNN∗ , however.
This work should only be viewed as a first attempt at calculating the
transition couplings for virtual vector mesons, and therefore the numerical
values obtained should be viewed as suggestive, rather than as definite quan-
titative predictions. In an earlier study [14] we found that two-pion exchange
between constituent quarks furnished a significant contribution to the hyper-
fine interaction between constituent quarks, which, when combined with the
one-pion exchange interaction, provides a dynamical basis for the effective
spin-flavor structure that is required for a satisfactory description of the em-
pirical spectra, when combined with a linear confining interaction.. A study
of how such higher order corrections in the chiral quark model affects the
problem at hand is now being undertaken. The goal is a better understand-
ing of the change from meson to quark variables, given the general view that
there is a region where the two descriptions overlap [27].
The present method for calculating the resonance transition couplings to
the nucleon and ∆ resonances in the P− and SD− shells may be directly
generalized to the higher lying resonances. The explicit quark model wave
functions for all the resonances in the SD−shell may be constructed by
reference to the symmetry classification for the higher resonances in ref.[12].
The construction of the corresponding transition couplings in the generalized
Rarita-Schwinger formalism may be carried out with the methods outlined in
ref.[16] once care is taken to match the momentum dependence of the quark
model matrix elements.
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Table 1. Explicit wave functions for the nucleon and ∆ resonances in the S, P
and D shells including the lowest excited S-shell states.
p, n, 1
2
+ 1√
2
ϕ000(~ρ )ϕ000(~r ){|12 , t3 >+ |12 , s3 >+ +|12 , t3 >− |12 , s3 >−}
∆(1232), 3
2
+
ϕ000(~ρ )ϕ000(~r )|32 , t3 > |32 , s3 >
N(1440), 1
2
+ 1
2
{ϕ200(~ρ )ϕ000(~r ) + ϕ000(~ρ )ϕ200(~r )}
{|1
2
, t3 >+ |12 , s3 >+ +|12 , t3 >− |12 , s3 >−}
∆(1600), 3
2
+ 1√
2
{ϕ200(~ρ )ϕ000(~r ) + ϕ000(~ρ )ϕ200(~r )}|32 , t3 > |32 , s3 >
N(1535), 1
2
− 1
2
∑
ms(1,
1
2
, m, s|J, s3){ϕ01m(~ρ )ϕ000(~r )
N(1520), 3
2
−
[|1
2
, t3 >+ |12 , s >+ −|12 , t3 >− |12 , s >−]
−ϕ000(~ρ )ϕ01m(~r )[|12 , t3 >+ |12 , s >− +|12 , t3 >− |12s >+]}
∆(1620), 1
2
− 1√
2
∑
ms(1,
1
2
, m, s|J, s3){ϕ01m(~ρ )ϕ000(~r )|32 , t3 > |12 , s >+
∆(1700), 3
2
−
+ϕ000(~ρ )ϕ01m(~r )|32 , t3 > |12 , s >−}
N(1650), 1
2
− 1√
2
∑
ms(1,
3
2
, m, s|J, s3){ϕ01m(~ρ )ϕ000(~r )|12 , t3 >+
N(1700), 3
2
−
+ϕ000(~ρ )ϕ01m(~r )|12 , t3 >−}|32 , s >
N(1675), 5
2
−
N(1720), 3
2
+ 1
2
∑
ms(2,
1
2
, m, s|J, s3){ϕ02m(~ρ )ϕ000(~r ) + ϕ000(~ρ )ϕ02m(~r )}
N(1680), 5
2
+ {|1
2
, t3 >+ |12 , s3 >+ +|12 , t3 >− |12 , s3 >−}
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Table 2. Transition matrix elements of the quark operator O =
∑3
q=1 ~σ
q · ~kτ q3 e−i~k·~rq
between the nucleon resonances and the nucleon for charge states +1 with sz = +
1
2
.
< p, 1
2
|O|p, 1
2
> 5
3
k3
< p, 1
2
|O|∆(1232)+, 1
2
> 4
√
2
3
k3e
−k2/6ω2
< p, 1
2
|O|N(1440)+, 1
2
> 5
√
3
54
k3(
k2
ω2
+ 3
2
ωpi
mq
)e−k
2/6ω2
< p, 1
2
|O|∆(1600)+, 1
2
> 3
√
6
27
k3(
k2
ω2
+ 3
2
ωpi
mq
)e−k
2/6ω2
< p, 1
2
|O|N(1535)+, 1
2
> −i2
√
2
9
ω( k
2
ω2
+ 9ωpi
2mq
)e−k
2/6ω2
< p, 1
2
|O|N(1520)+, 1
2
> i2
9
3k23−~k2
ω
e−k
2/6ω2
< p, 1
2
|O|∆(1620)+, 1
2
> i
√
2
9
ω( k
2
ω2
+ 9ωpi
2mq
)e−k
2/6ω2
< p, 1
2
|O|∆(1700)+, 1
2
> − i
3
3k23−~k2
ω
e−k
2/6ω2
< p, 1
2
|O|N(1650)+, 1
2
> −i
√
2
9
ω( k
2
ω2
+ 9ωpi
2mq
)e−k
2/6ω2
< p, 1
2
|O|N(1700)+, 1
2
> −i
√
10
90
3k23−~k2
ω
e−k
2/6ω2
< p, 1
2
|O|N(1675)+, 1
2
> i
√
10
15
3k23−~k2
ω
e−k
2/6ω2
< p, 1
2
|O|N(1720)+, 1
2
> −
√
15
27
k3(
k2
ω2
+ 15ωpi
2mq
)e−k
2/6ω2
< p, 1
2
|O|N(1680)+, 1
2
>
√
45
108
k3(5k23−3k2)
ω2
e−k
2/6ω2
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Table 3. Transition matrix elements < p, 1
2
|LπNN∗|N∗+, 12 > of the pion transition
couplings in eqs. (2.12). Here m∗ denotes the mass of the corresponding resonance
The expressions after the vertical bars correspond to zero energy pions.
< p, 1
2
|L(1232)πN∆ |∆(1232)+, 12 > −23 ifpiN∆mpi k3
< p, 1
2
|L(1440)πNN∗|N(1440)+, 12 > −i
f
(1440)
piNN∗
mpi
k3
< p, 1
2
|L(1600)πN∆∗|∆(1600)+, 12 > −i23
f
(1600)
piN∆∗
mpi
k3
< p, 1
2
|L(1535)πNN∗|N(1535)+, 12 > if
(1535)
πNN∗
m∗−m
mpi
| { i
4
f
(1535)
piNN∗
mpi
m∗+m
m∗m
~k2}
< p, 1
2
|L(1520)πNN∗|N(1520)+, 12 > i4√6
f
(1520)
piNN∗
mpi
m∗−m
m∗m
(3k23 − ~k2)
< p, 1
2
|L(1620)πN∆∗|∆(1620)+, 12 > i
√
2
3
f
(1620)
πN∆∗
m∗+m
mpi
| { i
4
√
2
3
f
(1620)
piN∆∗
mpi
m∗−m
m∗m
~k2}
< p, 1
2
|L(1700)πN∆∗|∆(1700)+, 12 > i12
f
(1620)
piN∆∗
mpi
m∗−m
m∗m
(3k23 − ~k2)
< p, 1
2
|L(1650)πNN |N(1650)+, 12 > if
(1650)
πNN∗
m∗−m
mpi
| { i
4
f
(1650)
piNN∗
mpi
m∗+m
m∗m
~k2}
< p, 1
2
|L(1700)πNN∗|N(1700)+, 12 > i4√6
f
(1700)
piNN∗
mpi
m∗−m
m∗m
(3k23 − ~k2)
< p, 1
2
|L(1675)πNN∗|N(1675)+, 12 > − i√10
f
(1675)
piNN∗
mpi
(3k23−~k2)
mpi
< p, 1
2
|L(1720)πNN∗|N(1720)+, 12 > −i
√
2
3
f
(1720)
piNN∗
mpi
k3
mpi
< p, 1
2
|L(1680)πNN∗|N(1680)+, 12 > i14
√
2
5
f
(1680)
piNN∗
m2pi
m∗+m
m∗m
k3(5k
2
3 − 3k2)
23
Table 4. The resonance transition coupling constants in terms of the
pion-nucleon pseudoscalar coupling constant fπNN .
f
(1232)
πN∆ =
6
√
2
5
e−k
2/6ω2fπNN ≃ 1.55fπNN
f
(1440)
πNN∗ =
√
3
18
( k
2
ω2
+ 3
2
ωpi
mq
)e−k
2/6ω2fπNN ≃ 0.26fπNN
f
(1600)
πN∆ =
√
6
10
( k
2
ω2
+ 3
2
ωpi
mq
)e−k
2/6ω2fπNN ≃ 0.47fπNN
f
(1535)
πNN∗ =
2
√
2
15
ω
(m∗−mN )(
k2
ω2
+ 9ω
2mq
)e−k
2/6ω2fπNN ≃ 0.49fπNN
f
(1520)
πNN∗ = −8
√
6
15
m∗mN
(m∗−mN )ωe
−k2/6ω2fπNN ≃ −1.71fπNN
f
(1620)
πN∆ = −
√
3
15
ω
(m∗−mN )(
k2
ω2
+ 9ω
2mq
)e−k
2/6ω2fπNN ≃ −0.34fπNN
f
(1700)
πN∆ =
12
5
m∗mN
(m∗−mN )ωe
−k2/6ω2fπNN ≃ 2.6fπNN
f
(1650)
πNN∗ =
√
2
15
ω
(m∗−mN )(
k2
ω2
+ 9ω
2mq
)e−k
2/6ω2fπNN ≃ 0.28fπNN
f
(1700)
πNN∗ =
4
√
15
75
m∗mN
(m∗−mN )ωe
−k2/6ω2fπNN ≃ 0.22fπNN
f
(1675)
πNN∗ =
10
25
mpi
ω
e−k
2/6ω2fπNN ≃ 0.09fπNN
f
(1720)
πNN∗ =
√
10
30
( k
2
ω2
+ 15ωpi
2mq
)e−k
2/6ω2fπNN ≃ −1.05
f
(1680)
πNN∗ = −
√
2
6
m∗
(m∗+mN )
(mN
mpi
)(mpi
ω
)2e−k
2/6ω2fπNN ≃ −0.12
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Table 5. Transition matrix elements of the isoscalar quark charge
∑
q e
−i~k·~rq and
transverse spin current
∑
q ~σ
q · (~k ×~ǫ)e−i~k·~rq operators between the proton and nucleon
resonances for charge states +1 with sz = +1/2.
transition charge spin current
< p, 1
2
|O|p, 1
2
> 3 (~k ×~ǫ)3
< p, 1
2
|O|N(1440)+, 1
2
>
√
3
6
~k2
ω2
e−k
2/6ω2
√
3
18
k2
ω2
e−k
2/6ω2(~k ×~ǫ)3
< p, 1
2
|O|N(1535)+, 1
2
> 0 −
√
2
3
~k2
ω
e−k
2/6ω2ǫ3
< p, 1
2
|O|N(1520)+, 1
2
> 0 i2
3
1
ω
e−k
2/6ω2 [~k3(~k ×~ǫ)3 + k+(~k ×~ǫ)−]
< p, 1
2
|O|N(1650)+, 1
2
> 0
√
2
6
~k2
ω
e−k
2/6ω2ǫ3
< p, 1
2
|O|N(1700)+, 1
2
> 0 i
√
10
15
1
ω
e−k
2/6ω2 [k3(~k ×~ǫ)3 + k+(~k ×~ǫ)−
+3iǫ3~k
2]
< p, 1
2
|O|N(1675)+, 1
2
> 0 −i3
√
10
10
k3
ω
e−k
2/6ω2(~k ×~ǫ)3
< p, 1
2
|O|N(1720)+, 1
2
> 0 −
√
30
180
k2
ω2
e−k
2/6ω2(~k ×~ǫ)3
< p, 1
2
|O|N(1680)+, 1
2
> −
√
10
20
3k23−~k2
ω2
e−k
2/6ω2 −i
√
30
45
k3
ω2
e−k
2/6ω2
∑
q(3, 1, q,−q|3, 0)
√
4π
7
Y3q(kˆ)~ǫ−q
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Table 6. Transition matrix elements of the isovector quark charge
∑
q τ
q
3 e
−i~k·~rq
and transverse current operator
∑
q τ
q
3~σ
q · (~k ×~ǫ)e−i~k·~rq between the proton and
nucleon resonances with charge state +1 with sz = +1/2.
transition charge spin current
< p, 1
2
|O|p, 1
2
> 1 5
3
(~k ×~ǫ)3
< p, 1
2
|O|∆(1232)+, 1
2
> 0 4
√
2
3
e−k
2/6ω2(~k ×~ǫ)3
< p, 1
2
|O|N(1440)+, 1
2
>
√
3
18
k2
ω2
e−k
2/6ω2 5
√
3
54
~k2
ω2
e−k
2/6ω2(~k ×~ǫ)3
< p, 1
2
|O|∆(1600)+, 1
2
> 0 3
√
6
27
k2
ω2
e−~k
2/6ω2(~k ×~ǫ)3
< p, 1
2
|O|N(1535)+, 1
2
> −i
√
2
3
k3
ω
e−k
2/6ω2 −2
√
2
9
~k2
ω
e−k
2/6ω2ǫ3
< p, 1
2
|O|N(1520)+, 1
2
> 0 i4
9
1
ω
e−k
2/6ω2 [k3(~k ×~ǫ)3 + k+(~k ×~ǫ)−]
< p, 1
2
|O|∆(1620)+, 1
2
> i
√
2
3
k3
ω
e−k
2/6ω2
√
2
18
~k2
ω
e−k
2/6ω2ǫ3
< p, 1
2
|O|∆(1700)+, 1
2
> 0 i
9
1
ω
e−k
2/6ω2 [k3(~k ×~ǫ)3 + k+(~k ×~ǫ)−]
< p, 1
2
|O|N(1650)+, 1
2
> − i
6
k3
ω
e−k
2/6ω2 −
√
2
18
~k2
ω
e−k
2/6ω2ǫ3
< p, 1
2
|O|N(1700)+, 1
2
> 0 −i
√
10
45
1
ω
e−k
2/6ω2 [k3(~k ×~ǫ)3 + k+(~k ×~ǫ)−
+3iǫ3~k
2]
< p, 1
2
|O|N(1675)+, 1
2
> 0 i
√
10
10
g
(1675)
ρNN∗
m2ρ
k3(~k ×~ǫ)3
< p, 1
2
|O|N(1720)+, 1
2
> 0 −
√
30
108
k2
ω2
e−k
2/6ω2(~k ×~ǫ)3
< p, 1
2
|O|N(1680)+, 1
2
> −
√
10
60
3k23−~k2
ω2
e−k
2/6ω2 −i
√
30
27
k3
ω2
e−k
2/6ω2∑
q(3, 1, q,−q|3, 0)
√
4π
7
Y3q(kˆ)~ǫ−q
26
Table 7. Transition matrix elements < p, 1
2
|LωNN∗|N∗+, 12 > of the ω-meson
transition couplings in eqs. (3.6). Here µ is defined as
µ = 2mNm
∗/(mN +m∗).
transition charge spin current
< p, 1
2
|L(1440)ωNN∗|N(1440)+, 12 >
~k2
m2ω
g
(1440)
ωNN∗ −i 12µ
~k2
m2ω
(~k ×~ǫ)3 g(1440)ωNN∗
< p, 1
2
|L(1535)ωNN∗|N(1535)+, 12 > 0
~k2
m2ω
ǫ3 g
(1535)
ωNN∗
< p, 1
2
|L(1520)ωNN∗|N(1520)+, 12 > 0 i
√
6
3m2ω
[k3(~k ×~ǫ)3 + k+(~k ×~ǫ)−] g(1520)ωNN∗
< p, 1
2
|L(1650)ωNN∗|N(1650)+, 12 > 0
~k2
m2ω
ǫ3 g
(1650)
ωNN∗
< p, 1
2
|L(1700)ωNN∗|N(1700)+, 12 > 0 i
√
6
3m2ω
[k3(~k ×~ǫ)3 + k+(~k ×~ǫ)−] g(1700)ωNN∗
< p, 1
2
|L(1675)ωNN∗|N(1675)+, 12 > 0 −i3
√
10
10
1
m2ω
k3(~k ×~ǫ)3 g(1675)ωNN∗
< p, 1
2
|L(1720)ωNN∗|N(1720)+, 12 > 0 i 12µ
√
2
3
~k2
m2ω
(~k ×~ǫ)3 g(1720)ωNN∗
< p, 1
2
|L(1680)ωNN∗|N(1680)+, 12 >
√
10
10
3k23−~k2
m2ω
g
(1680)
ωNN∗ − 1µ
√
30
15
~k3
m2ω
g
(1680)
ωNN∗
(3, 1, q,−q|3, 0)
√
4π
7
Y3q(kˆ)ǫ−q
27
Table 8. The ω-meson transition coupling constants in terms
of the ωNN coupling constant gωNN . The numerical values
correspond to |~k| = 0.
g
(1440)
ωNN∗ =
√
3
18
m2ω
ω2
e−~k
2/6ω2gωNN ≃ 5.5
g
(1535)
ωNN∗ = −
√
2
18
m2ω
ωmq
e−~k
2/6ω2gωNN ≃ −4.5
g
(1520)
ωNN∗ =
√
6
18
m2ω
ωmq
e−~k
2/6ω2gωNN ≃ 7.7
g
(1650)
ωNN∗ =
√
2
36
m2ω
ωmq
e−~k
2/6ω2gωNN ≃ 2.2
g
(1700)
ωNN∗ =
√
15
90
m2ω
ωmq
e−~k
2/6ω2gωNN ≃ 2.4
g
(1675)
ωNN∗ =
1
6
m2ω
ωmq
e−~k
2/6ω2gωNN ≃ 9.4
g
(1720)
ωNN∗ = −
√
5
180
µ
mq
m2ω
ω2
e−~k
2/6ω2gωNN ≃ −2.7
g
(1680)
ωNN∗ = − 118 µmq
m2ω
ω2
e−~k
2/6ω2gωNN ≃ −12.2
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Table 9. Transition matrix elements < p, 1
2
|LρNN∗|N∗+, 12 > of the ρ-meson
transition couplings in eqs. (3.7) Here µ is defined as
µ = 2m∗mN/(m∗ +mN).
transition charge spin current
< p, 1
2
|LρN∆|∆(1232)+, 12 > 0 i 13µ(~k ×~ǫ)3 gρN∆
< p, 1
2
|L(1440)ρNN∗|N(1440)+, 12 >
~k2
m2ρ
g
(1440)
ρNN∗ −i 12µ
~k2
m2ρ
(~k ×~ǫ)3 g(1440)ρNN∗(1 + κ(1440)ρNN )
< p, 1
2
|L(1600)ρN∆∗ |∆(1600)+, 12 > 0 i 13µ
~k2
m2ρ
(~k ×~ǫ)3 g(1600)ρN∆∗
< p, 1
2
|L(1535)ρNN∗|N(1535)+, 12 > 0
~k2
m2ρ
ǫ3 g
(1535)
ρNN∗
< p, 1
2
|L(1520)ρNN∗|N(1520)+, 12 > 0 i
√
6
3m2ρ
[k3(~k ×~ǫ)3 + k+(~k ×~ǫ)−] g(1520)ρNN∗
< p, 1
2
|L(1620)ρN∆∗ |∆(1620)+, 12 > 0
√
2
3
~k2
m2ρ
g
(1620)
ρN∆∗ ǫ3
< p, 1
2
|L(1700)ρN∆∗ |∆(1700)+, 12 > 0 i 23m2ρ [k3(~k ×~ǫ)3 + k+(~k ×~ǫ)−] g
(1700)
ρN∆∗
< p, 1
2
|L(1650)ρNN∗|N(1650)+, 12 > 0
~k2
m2ρ
ǫ3 g
(1650)
ρN∆∗
< p, 1
2
|L(1700)ρNN∗|N(1700)+, 12 > 0 i
√
6
3m2ρ
[k ×~ǫ)3 + k+(~k ×~ǫ)−] g(1700)ρNN∗
< p, 1
2
|L(1675)ρNN∗|N(1675)+, 12 > 0 −i3
√
10
10
1
m2ρ
k3(~k × ǫ)3 g(1675)ρNN∗
< p, 1
2
|L(1720)ρNN∗|N(1720)+, 12 > 0 i 12µ
√
2
3
~k2
m2ρ
(~k ×~ǫ)3 g(1720)ρNN∗
< p, 1
2
|L(1680)ρNN∗|N(1680)+, 12 >
√
10
10
3k23−~k2
m2ρ
g
(1680)
ρNN∗ − 1µ
√
30
15
~k3
m2ρ
g
(1680)
ρNN∗
(3, 1, q,−q|3, 0)
√
4π
7
Y3q(kˆ)ǫ−q
29
Table 10. The ρ-meson transition coupling constant in terms of the
ρNN coupling constants gρNN . The numerical values correspond
to |~k| = 0.
gρN∆ =
6
√
2
5
µ
mq
e−~k
2/6ω2gρNN ≃ 8.7
g
(1440)
ρNN∗ =
√
3
18
m2ρ
ω2
e−~k
2/6ω2gρNN ≃ 1.76, κ1440ρNN∗ = 4
g
(1600)
ρN∆∗ =
√
6
10
µ
mq
m2ρ
ω2
e−~k
2/6ω2gρNN ≃ 17.0
g
(1535)
ρNN∗ = −
√
2
9
m2ρ
ωmq
e−~k
2/6ω2gρNN ≃ −2.9
g
(1520)
ρNN∗ =
√
6
9
m2ρ
ωmq
e−~k
2/6ω2gρNN∗ ≃ 4.5
g
(1620)
ρN∆∗ =
√
3
36
m2ρ
ωmq
e−~k
2/6ω2gρNN ≃ 0.88
g
(1700)
ρN∆∗ =
1
12
m2ρ
ωmq
e−~k
2/6ω2gρNN ≃ 1.5
g
(1650)
ρNN∗ = −
√
2
36
m2ρ
ωmq
e−~k
2/6ω2gρNN ≃ −0.72
g
(1700)
ρNN∗ = −
√
5
90
m2ρ
ωmq
e−~k
2/6ω2gρNN ≃ −0.45
g
(1675)
ρNN∗ = −16
m2ρ
ωmq
e−~k
2/6ω2gρNN ≃ −3.0
g
(1720)
ρNN∗ = −
√
5
36
µ
mq
m2ρ
ω2
e−~k
2/6ω2gρNN ≃ −4.4
g
(1680)
ρNN∗ = − 518 µmq
m2ρ
ω2
e−~k
2/6ω2gρNN ≃ −19.6
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